Abstract The Reproducibility Project: Cancer Biology seeks to address growing concerns about reproducibility in scientific research by conducting replications of 50 papers in the field of cancer biology published between 2010 and 2012. This Registered Report describes the proposed replication plan of key experiments from 'Widespread potential for growth-factor-driven resistance to anticancer kinase inhibitors' by Wilson and colleagues, published in Nature in 2012 . The experiments that will be replicated are those reported in Figure 2B and C. In these experiments, Wilson and colleagues show that sensitivity to receptor tyrosine kinase (RTK) inhibitors can be bypassed by various ligands through reactivation of downstream signaling pathways ( Figure 2A ; Wilson et al., 2012) , and that blocking the receptors for these bypassing ligands abrogates their ability to block sensitivity to the original RTK inhibitor ( Figure 2C ; Wilson et al., 2012) .
Introduction
A recurring theme in treatment of cancer is the acquisition of drug resistance. The effectiveness of therapies targeting specific mutations in receptor tyrosine kinases (RTKs) is limited by the acquisition of resistance to the drugs over the course of treatment (Mok et al., 2009; Camidge et al., 2014) . Resistance can be acquired through new mutations that block the action of the RTK inhibitors or their uptake and/or genetic amplification of downstream target genes of the RTK (Chen and Fu, 2011; Garrett and Arteaga, 2011; Sequist et al., 2011; Gainor and Shaw, 2013; Yang, 2013) . Several studies, including this work by Wilson and colleagues, elucidated another mechanism for this acquisition of resistance: the engagement of parallel RTK signaling pathways that converge on common downstream survival signals via signals from the tumor microenvironment. In this study, Wilson and colleagues examined several cancer cell lines for ligand-mediated drug resistance .
In Figure 2B /C, Wilson and colleagues demonstrated that resistance to primary kinase inhibitor treatment can be induced by the addition of rescuing ligands that activate the PI(3)K-AKT and MAPK pro-survival signaling pathways. This resistance can be overcome with the addition of an appropriate secondary kinase inhibitor. Three different cancer cell line models were used to demonstrate this phenomenon. Treatment of A204 (a PDGFR amplified rhabdomyosarcoma cell line) with the ligand FGF activated pFRS2 and pERK, inducing resistance to sunitinib. The addition of a secondary kinase inhibitor, PD173074, blocked FGF-induced pFRS2 and pERK activation, restoring sensitivity to sunitinib. The treatment of M14 (a BRAF-mutated melanoma cell line) with the ligand NRG1 activated pHER3 and pAKT, inducing partial resistance to PLX4032. The addition of a secondary kinase inhibitor, lapatinib, blocked NRG1-induced pHER3 and pAKT activation, restoring sensitivity to PLX4032. Treatment of KHM-3S (an EGFR-mutated small cell lung cancer cell line) with the ligand HGF activated pMET and pERK, inducing resistance to Erlotinib. The addition of a secondary kinase inhibitor, crizotinib, blocked HGF-induced pMET and pERK activation, restoring sensitivity to erlotinib.
The cell viability assays examining drug sensitivity and the Western blots examining levels of phosphorylated kinases in Figures 2B and 2C , respectively, are the key experiments that demonstrate that growth factor ligands can reactivate downstream signaling components important for cancer cell survival, causing resistance to anticancer kinase inhibitors . These experiments are replicated in Protocols 1 and 2.
Two studies published around the same time as the work of Wilson and colleagues also support the proposed mechanism of acquired resistance to RTK inhibition by signaling from the tumor microenvironment. Straussman and colleagues demonstrated that HGF signaling derived from the tumor microenvironment could bypass EGFR inhibition by activation of MET signaling (Straussman et al., 2012 , also included for replication in the Reproducibility Project: Cancer Biology), and Harbinski and colleagues, in an approach similar to Wilson and colleagues, showed that multiple growth factor ligands could 'bypass' inhibitor-targeted RTKs (Harbinski et al., 2012) .
Since the publication of Wilson and colleagues' work, several publications have reported similar results to those being replicated in Protocols 1 and 2. Similar to the experiments with A204 cells above, Welti and colleagues demonstrated that FGF ligands could induce resistance to sunitinib, which could be reversed by the addition of PD173074 (Welti et al., 2011) . These experiments were performed in HUVEC cells, whereas A204 cells were used in the study being replicated. Similar to the experiments on M14 cells above, Montero-Conde and colleagues showed that NRG1 ligand could activate pHER3 and pAKT in the presence of PLX4032, and this activation could be reversed by the addition of lapatinib (Montero-Conde et al., 2013) . These experiments were performed in 8505C cells, whereas M14 cells were used in the study being replicated. Similar to the experiments performed on KHM-S3 cells above, several groups have demonstrated that HGF ligand can induce resistance to erlotinib and that this resistance can be reversed by the addition of crizotinib (Nakagawa et al., 2012; Nakade et al., 2014) . These experiments were performed in PC-9 and HCC827 cells, whereas KHM-3S cells were used in the study being replicated.
Materials and methods
Unless otherwise noted, all protocol information was derived from the original paper, references from the original paper, or information obtained directly from the authors. An asterisk (*) indicates data or information provided by the Reproducibility Project: Cancer Biology core team. A hashtag (#) indicates information provided by the replicating lab.
Protocol 1: Cell viability assays
This protocol describes cell viability assays to determine the IC 50 values of three cancer cell lines treated with primary kinase inhibitor alone, primary kinase inhibitor in combination with rescuing ligand, and primary kinase inhibitor in triple combination with rescuing ligand and a drug targeting the rescuing ligand's receptor tyrosine kinase (RTK) (termed the secondary kinase inhibitor) ( Figure 2B ).
Sampling
• The original data presented is qualitative, and the authors were unable to share the raw data values with the RP:CB core team. This prevents power calculations being performed a priori to determine the sample size (number of biological replicates). In order to determine an appropriate number of replicates to perform initially, we have estimated the sample sizes required based on a range of potential variance. We will also determine the sample size post hoc as described in Power Calculations.
1. Please see Power Calculations for details.
• Each experiment has three cohorts. In each cohort, a dilution series of the primary kinase inhibitor (10 , and 10 1 µM) is run three times; once alone, once with the rescuing ligand, and once with both the rescuing ligand and the secondary kinase inhibitor. The effect of the secondary kinase inhibitor alone will also be assessed. Each condition will be run in triplicate.
1. Cohort 1: A204 cell line.
• Media only [additional] .
• Vehicle control.
• 0.001 µM-10 µM sunitinib + no ligand.
• 0.001 µM-10 µM sunitinib + 50 ng/ml FGF.
• 0.001 µM-10 µM sunitinib + 50 ng/ml FGF + 0.5 µM PD173074.
• 0.5 µM PD173074 + no ligand [additional] .
2. Cohort 2: M14 cell line.
• 0.001 µM-10 µM PLX4032 + no ligand.
• 0.001 µM-10 µM PLX4032 + 50 ng/ml NRG1.
• 0.001 µM-10 µM PLX4032 + 50 ng/ml NRG1 + 0.5 µM lapatinib.
• 0.5 µM lapatinib + no ligand [additional] .
3. Cohort 3: KHM-3S cell line.
• 0.001 µM-10 µM erlotinib + no ligand.
• 0.001 µM-10 µM erlotinib + 50 ng/ml HGF.
• 0.001 µM-10 µM erlotinib + 50 ng/ml HGF + 0.5 µM crizotinib.
• 0.5 µM crizotinib + no ligand [additional] . 
Materials and reagents

Procedure Notes
• All cells will be sent for mycoplasma testing and STR profiling.
• Medium for all cell lines: RPMI 1640 supplemented with 10% FBS, 50 U/ml penicillin, and 50 µg/ml streptomycin.
• Cells maintained at 37°C in a humidified atmosphere at 5% CO 2 .
1. Seed 3000-5000 cells per well into 96-well plates. For each condition replicate seed 1 well as the media control, 1 well as the vehicle control, 1 well for treatment with the secondary kinase inhibitor alone, and 6 wells per concentration curve (10 2. 18-24 hr after seeding treat 3 wells per condition with appropriate treatment (see Sampling).
a. Lab will record the vehicle used to solubilize the drugs.
3. 72 hr after treatment, fix cells in 4% paraformaldehyde (PFA).
a. Lab will record the PFA incubation time. 
Deliverables
• Data to be collected:
1. Raw fluorescence data and calculated cell viability. 2. Semi-logarithmic graph for each condition of primary kinase inhibitor (log) vs normalized cell viability (linear) for each cell line [comparable to Figure 2B ]. 3. Calculated IC 50 for each condition. Odyssey application software Software LiCOR *The breast cancer cell line MDA-MB-435 has been shown to be mislabeled; it is in fact identical to the M14 melanoma cell line (Rae et al., 2007; Chambers, 2009; Holliday and Speirs, 2011) . 
Confirmatory analysis plan
• Statistical analysis of the Replication Data:
1. For each cell line compare the IC 50 of primary kinase inhibitor alone, primary kinase inhibitor + ligand, and primary kinase inhibitor + ligand + secondary kinase inhibitor.
• ANOVA.
• Meta-analysis of original and replication attempt effect sizes:
1. We will plot the replication data (mean and 95% confidence interval) and will include the original data point, calculated directly from the representative image in Figure 2B , as a single point on the same plot for comparison.
Known differences from the original study
• We are including two additional control conditions;
1. Media alone.
a. To provide a baseline.
2. Treatment of the cells with the secondary kinase inhibitor alone.
a. To assess any effects, the secondary kinase inhibitor may be independent of the ligand and primary kinase inhibitor.
Provisions for quality control
• All data obtained from the experiment-raw data, data analysis, control data, and quality control data-will be made publicly available, either in the published manuscript or as an open access dataset available on the Open Science Framework (https://osf.io/h0pnz/).
• Cell lines will be validated by STR profiling and screened for mycoplasma contamination.
• A lab from the Science Exchange network with extensive experience in conducting cell viability assays will perform these experiments.
Protocol 2: Western blot assays
This protocol describes Western blot assays to determine the levels of activated phosphorylated signaling pathways in three cancer cell lines treated with primary kinase inhibitor alone, primary kinase inhibitor in combination with rescuing ligand, and primary kinase inhibitor in triple combination with rescuing ligand and a drug targeting the rescuing ligand's receptor tyrosine kinase (RTK) (termed the secondary kinase inhibitor) ( Figure 2C ).
Sampling
• The original data presented is qualitative. This prevents power calculations being performed a priori to determine the sample size (number of biological replicates). In order to determine an appropriate number of replicates to perform initially, we have estimated the sample sizes required based on a range of potential variance. We will also determine the sample size post hoc as described in Power Calculations.
• Each experiment has three cohorts. Each cohort will consist of cells treated with media alone, with vehicle alone, with the primary kinase inhibitor, with primary kinase inhibitor and the rescuing ligand and with the primary kinase inhibitor, the rescuing ligand and the secondary kinase inhibitor. The effect of the secondary kinase inhibitor alone will also be assessed. Each condition will be run once (i.e., no technical replicates will be performed).
• 1 µM sunitinib + no ligand.
• 1 µM sunitinib + 50 ng/ml FGF.
• 1 µM sunitinib + 50 ng/ml FGF + 0.5 µM PD173074.
• 1 µM PD173074 + no ligand [additional] .
• 1 µM PLX4032 + no ligand.
• 1 µM PLX4032 + 50 ng/ml NRG1.
• 1 µM PLX4032 + 50 ng/ml NRG1 + 0.5 µM lapatinib.
• 1 µM lapatinib + no ligand [additional] .
• 1 µM erlotinib + no ligand.
• 1 µM erlotinib + 50 ng/ml HGF.
• 1 µM erlotinib + 50 ng/ml HGF + 0.5 µM Crizotinib.
• 1 µM crizotinib + no ligand [additional] .
4. Cohort 4: positive control cell lines.
• 
Procedure Notes
• Medium for cell lines: RPMI 1640 supplemented with 10% FBS, 50 U/ml penicillin, and 50 µg/ml streptomycin.
MCF7 cells and HEK293 cells are maintained in DMEM + 10% FBS.
Seed cells in plates.
a. Two control and four experimental wells (6 wells total) are needed for each cell line in Cohorts 1-3.
i. Lab will determine and record the number of cells seeded and well size used.
b. *For Cohort 4 seed cells as needed into wells of a 6-well plate.
2. 18-24 hr after seeding treat wells in Cohorts 1-3 with conditions as described in the Sampling section.
a. Lab will determine and record vehicle for preparation of drug solutions. b. Harvest protein as in Step 5 after 2 hr of treatment.
Simultaneously treat cells in Cohort 4 as follows:
a. HL60 cells. Note: This protocol is based on Krejci et al. (2003) .
i. Serum starve HL60 cells for 24 hr prior to protein harvesting.
• Serum starve = DMEM + 0% FBS.
ii. Treat cells for 10 min with 100 ng/ml FGF.
iii. Harvest cell lysates as noted in Step 5.
b. MCF7 cells. Note: This protocol is based on Sarup et al. (2008).
i. Serum starve cells for 48 hr prior to protein harvesting.
• Serum starve = DMEM + 0.1% BSA.
ii. Treat cells with 1 nmol/l NRG1 for 10 min at 37°C. iii. Harvest cell lysates as noted in Step 5.
c. HEK293 cells. Note: This protocol is based on Wright et al. (2012).
i. Serum starve HEK293 cells for 24 hr prior to protein harvesting.
ii. Treat cells with 29 ng/ml HGF for 10 min at 37°C. iii. Harvest cell lysates as noted in Step 5. i. Lab will record exact amount of protein loaded and provide data from determining protein concentration.
b. Let samples cool on ice and quick-spin the tubes to collect any droplets on the cap of the tube. c. Prepare the gel for sample loading-insert the gel in the gel box with 1× running buffer and ensure there is no leak.
i. Based on the expected MWs of the targets, lab will determine the optimal percentage gel to use. i. If the manufacturer recommends a range of dilutions, lab will use a dilution in the middle of the recommended dilution range. ii. A204:
• p-PDGFRα.
• PDGFRα.
• p-AKT S473.
• AKT.
• p-ERK T202/Y204.
• ERK.
• pFRS2α Y196.
• FRS2α.
• β-tubulin [additional control].
A. Loading control.
iii. M14:
• pHER3 Y1289.
• HER3.
iv. KHM-3S:
• p-EGFR Y1068.
• EGFR.
• p-MET Y1234/5.
• MET.
v. HL60:
• pERK T202/Y204.
vi. MCF7:
• pHER3.
vii. HEK293:
• pMET.
A. Loading control. b. Add the antibody solutions to the membranes and incubate them for 12-16 hr at 4°C. c. Wash the blots with Tris-buffered saline (TBS) and with 0.5% Tween-20 three times for 10 min each. d. Dilute HRP-secondary antibody in 5% milk and add to the blots.
i. Lab will record the dilution factor of the secondary antibody.
e. Incubate at room temperature for 1 hr. f. Wash the blots with TBS +0.5% Tween-20 four times for 15 min each. e. Expose the blot to the film at three time points, starting with 15 s. Determine the other two time points based on the strength of the signal in the 15 s exposure.
9.
# Scan film and quantify band intensity using densitometric analysis software. 10. Repeat independently two additional times.
Deliverables
1. Images of probed membranes (images of full films with molecular weight ladders). 2. Scanned image of Ponceau-stained membranes after protein transfer. 3. Quantified signal intensities and bar graphs of mean signal intensities normalized for β-tubulin loading and total pan-protein levels.
Confirmatory analysis plan
1. For each cell line compare the following normalized phosphorylated kinase levels of primary kinase inhibitor alone, primary kinase inhibitor + ligand, and primary kinase inhibitor + ligand + secondary kinase inhibitor.
• One-way ANOVA.
• Note: at the time of analysis, we will generate a histogram of all the data to determine if it follows a Gaussian distribution or not. If it is skewed, we will perform the appropriate transformation in order to proceed with the proposed statistical analysis.
1. We will plot the replication data (mean and 95% confidence interval) and will include the original data point, calculated directly from the representative image in Figure 2C , as a single point on the same plot for comparison.
• We are including three additional control conditions; 1. Media alone.
i. To provide a baseline.
i. To assess any effects, the secondary kinase inhibitor may be independent of the ligand and primary kinase inhibitor.
3. Treatment of a control cell line with the growth factor ligand alone.
i. To ensure the growth factor ligand is active.
• FGF should cause phosphorylation of ERK1/2 in HL60 cells.
• NRG1 should cause phosphorylation of HER3 in MCF7 cells.
• HGF should cause phosphorylation of MET in HEK293 cells.
• The original authors recommended that the replicating lab follows a standard Western blot protocol.
Provisions for quality control
• All data obtained from the experiment-raw data, data analysis, control data and quality control data-will be made publicly available, either in the published manuscript or as an open access dataset available on the Open Science Framework (https://osf.io/h0pnz/).
• A lab from the Science Exchange network with extensive experience in conducting Western blot assays for phosphorylated proteins will perform these experiments.
Power Calculations Protocol 1
The original data presented is qualitative (images of survival curves) and the authors were unable to share the raw data values with the RP:CB core team. To estimate original effect sizes, we determined approximate IC 50 concentrations from the original survival curve images. Summary of the original data.
We have calculated the projected sample size based on a variety of different possible levels of variance using a one-way ANOVA test with an alpha error of 0.05.
• These power calculations were performed with G*Power software, version 3.1.7 (Faul et al., 2007) .
• The F statistic was calculated at http://statpages.org/anova1sm.html.
• The η P 2 was calculated using the formula on the spreadsheet accessed from Lakens and colleagues (Lakens, 2013) .
For each percent variance, the relative standard deviation of the approximated IC 50 was used to calculate the F statistic from a one-way ANOVA analysis, which was converted to η P 2 (the ratio of variance attributed to the effect and the effect plus its associate error variance from the ANOVA), and • FGF induces resistance to Sunitinib.
• PD173074 blocks FGF-induced resistance to Sunitinib, restoring sensitivity.
M14
IC 50
• NRG1 induces partial resistance to PLX4032.
• Lapatinib blocks NRG1-induced resistance to PLX4032, restoring sensitivity.
KHM-3S IC 50
Erlotinib 0.5 μM
Erlotinib + HGF >10 μM
Erlotinib + HGF + Crizotinib 0.3 μM
• HGF induces resistance to Erlotinib.
• Crizotinib blocks HGF-induced resistance to Erlotinib, restoring sensitivity. then used to determine the effect size (Cohen's f) and the needed sample size to obtain at least 80% power. The actual power obtained is listed.
A204
In order to produce quantitative replication data, we will run the experiment three times. Each time we will quantify the IC 50 . We will determine the standard deviation of the IC 50 across the three biological replicates and combine this with the means from the original study to simulate an effect size. Using this simulated effect size, we will then determine the number of replicates necessary to reach a power of at least 80%. We will then perform additional replicates, if required, to ensure that the experiment has more than 80% power to detect the original effect.
Protocol 2
The original data presented is qualitative (images of Western Blots). We used Image Studio Lite v. 4.0.21 (LICOR) to perform densitometric analysis of the presented bands to quantify the original effect size. Levels of phospho-protein were normalized to total protein and then normalized to the control.
Summary of original data.
A204 cells pPDGFR pAKT pERK pFRS2 • FGF activates pFRS2 and pERK in the presence of Sunitinib.
• PD173074 blocks FGF-induced pFRS2 and pERK activation. • NRG1 activates pHER3 and pAKT in the presence of PLX4032.
M14 cells pHER3 pAKT pERK
• Lapatinib blocks NRG1-induced pHER3 and pAKT activation.
KHM-3S cells pEGFR pAKT pERK pMET We have calculated the projected sample size based on a variety of different possible levels of variance (Koller and Wätzig, 2005 ) using a one-way ANOVA test with an alpha error of 0.05.
For each percent variance, the relative standard deviation of the approximated phospho-protein level was used to calculate the F statistic from a one-way ANOVA analysis, which was converted to η P 2 (the ratio of variance attributed to the effect and the effect plus its associated error variance from the ANOVA), and then used to determine the effect size (Cohen's f) and the needed sample size to obtain at least 80% power. The actual power obtained is listed. In order to produce quantitative replication data, we will run the experiment three times. Each time we will quantify band intensity. We will determine the standard deviation of band intensity across the three biological replicates and combine this with the mean from the original study to simulate the original effect size. We will use this simulated effect size to determine the number of replicates necessary to reach a power of at least 80%. We will then perform additional replicates, if required, to ensure that the experiment has more than 80% power to detect the original effect. 
